levated plasma levels of LDL-C (low-density lipoprotein cholesterol) are a major modifiable risk factor for atherosclerotic cardiovascular disease. Therapeutic interventions facilitating the hepatic uptake of LDL via the LDLR (LDL receptor) pathway are proven to reduce cardiovascular events.
1 PCSK9 (proprotein convertase subtilisin/kexin type 9) plays an essential role in lipid metabolism as a key regulator of plasma LDL-C. 2 The protein is mainly produced and secreted by the liver. It binds LDLR on the cell surface of hepatocytes and targets them for lysosomal degradation, resulting in increased LDL-C. Rare gain-of-function mutations in PCSK9 were identified to cause autosomal dominant hypercholesterolemia, whereas loss-of-function mutations in PCSK9 were found to be associated with low LDL-C and reduced risk of coronary artery disease (CAD). 3, 4 Moreover, genome-wide association analysis showed that common variants in the PCSK9 gene locus are associated with LDL-C and the risk for CAD. 5, 6 Therefore, inhibiting PCSK9 function has emerged as a promising strategy to treat hypercholesterolemia. Indeed, 2 monoclonal antibodies against PCSK9 (Alirocumab and Evolocumab) have been approved 7, 8 and shown to markedly reduce LDL-C in a wide range of patients. The use of evolocumab was also associated with a significant reduction of future cardiovascular events in a large-scale outcome trial. 8 Recent studies indicate that the functional effects of PCSK9 may not be limited to the LDLR pathway. PCSK9 was implicated to affect several other atherogenic risk factors, such as the metabolism of triglyceride-rich lipoproteins, degradation of the very-low-dense-lipoprotein receptor, inflammatory response, and glucose metabolism. 2 In this context, circulating PCSK9 concentrations have gained interest as a potential biomarker for risk stratification. Current findings on the relation between PCSK9 plasma levels and cardiovascular disease are equivocal, but a meta-analysis of 7 studies reported that subjects with high PCSK9 levels have a 23% higher risk for total cardiovascular events when compared with patients with low PCSK9 levels. 9 Although considerable variation in circulating PCSK9 levels has been noted in different cohort studies, [9] [10] [11] information on the genetic factors that contribute to this variability is limited. A recent GWAS (Genome-Wide Association Study) of PCSK9 plasma levels failed to detect genome-wide significant variants (genome-wide threshold P<5×10 −8 ) in 2 cohorts of healthy, middle-aged Swedes, which might be because of limited statistical power given the moderate sample size (N=1215). 10 In addition, causal links between PCSK9 plasma levels and atherosclerotic vascular disease (ASVD) phenotypes have not been studied using genetic instruments to date.
In the present study, we performed genome-wide association analysis for circulating PCSK9 levels in a large cohort of patients receiving coronary angiography for suspected CAD (N=3290; LIFE-Heart study). Further, we analyzed allelic heterogeneity of the PCSK9 gene locus and applied MR (Mendelian Randomization) to identify causal effects of circulating PCSK9 levels on various atherosclerotic disease phenotypes including additional data of the large population-based LIFE-Adult study.
METHODS
The data that support the findings of this study are available from the LIFE Research Center for Civilization diseases on qualified request. Requests for access to more detailed summary statistics, replication results, and analytic methods will be considered by the authors.
Cohort Descriptions
LIFE-Heart is an observational study of patients collected at the Heart Center of Leipzig, Germany. A total of ≈7000 patients were recruited with either suspected stable CAD or myocardial infarction. Study design and a detailed description of patients can be found elsewhere. 12 For the present analysis, we only included patients with suspected stable CAD subjected to coronary angiography. PCSK9 plasma levels and genetic data were available for N=3358 of these patients.
LIFE-Adult is a population-based cohort study of adult residents of the city of Leipzig, Germany. A total of ≈10 000 participants have been recruited and characterized including subclinical atherosclerosis phenotypes. 13 For a total of 4985 LIFE-Adult participants, genetic data were available. These samples were used to improve power of the MR analysis.
Both LIFE-Heart and LIFE-Adult meet the ethical standards of the Declaration of Helsinki and were approved by the Ethics Committee of the Medical Faculty of the University Leipzig, Germany (LIFE-Heart: Reg. No. 276-2005; LIFE-Adult: Reg. No. 263-2009-14122009) . Written informed consents including agreement with genetic analyses were obtained from all patients of LIFE-Heart and participants of LIFE-Adult.
CLINICAL PERSPECTIVE
PCSK9 (proprotein convertase subtilisin/kexin type 9) plays an essential role in regulating lipid metabolism. Functional inhibition of PCSK9 is a novel treatment strategy for hyperlipidemia. In our genome-wide association study, we identified 4 independent genetic variants at the PCSK9 locus at genome-wide significance, explaining 4.4% of the total variance of PSCK9. In an MR study (Mendelian randomization), we detected causal effects of PCSK9 plasma levels on coronary artery disease, number of coronary vessels with stenosis, and carotid artery plaques but not peripheral artery disease. This increases confidence that PCSK9 is a valid target not only to treat hyperlipidemia but also to reduce risk or severity of atherosclerotic vascular disease in carotid and coronary arteries.
Assessment of Atherosclerotic Phenotypes
We analyzed 6 ASVD phenotypes at 3 locations: coronary arteries: CAD status and number of coronary vessels with stenosis (NVD50); carotid arteries: intima-media thickness (cIMT), and plaque score (PS; with values between 0 and 4 counting the number of vessels with plaque); and peripheral arteries: ankle-brachial index (ABI) and peripheral artery disease (PAD) status (defined as ABI<0.9). Coronary phenotypes are only available for LIFE-Heart. Details of the measurements are provided in the Data Supplement.
Blood Lipid and PCSK9 Measurement
Venous blood samples were taken before coronary angiography in patients of the LIFE-Heart study. Laboratory measurements were performed on the same day using an automated Roche Cobas 8000 Clinical Chemistry analyzer (Roche Diagnostics, Mannheim, Germany). Total cholesterol, LDL-C, and HDL-C (high-density lipoprotein cholesterol) were determined by homogeneous enzymatic colorimetric assays. ApoA1 and ApoB (apolipoproteins) were determined with Roche immunoturbidimetric assays. Total PCSK9 levels were analyzed in serum samples (previously stored at −80°C) using a commercial assay (Quantikine Human PCSK9 immunoassay; R&D Systems). Further details of PCSK9 measurement are given in the Data Supplement.
SNP Genotyping and Imputation
LIFE-Heart samples were genotyped using Affymetrix Axiom CEU1 or Affymetrix Axiom CADLIFE genome-wide SNP arrays. The latter essentially contains Axiom CEU as genome-wide backbone and an additional custom content of ≈62 500 SNPs from known CAD loci. Genotype calling was performed using Affymetrix Power Tools (v1. 17 SNPs with info score <0.5 or minor allele frequency <1% were filtered. A total of 9 882 017 SNPs were used for genome-wide analyses, 9 579 329 for autosomal, and 302 688 for X-chromosomal analysis.
Statistical Analysis

Genome-Wide Association Analysis
PCSK9 and BMI were log-transformed for all analyses.
Before any GWAS, we controlled several parameters for association with plasma PCSK9. Only sex, age, smoking, and statin therapy were significantly associated in a multivariate model. In addition, we found a significant sex-age interaction (P=0.0041), but decided against an inclusion of this covariate for GWA because it was expected that this interaction can hardly influence the SNP effect. Nevertheless, for the purpose of validation, we checked all genome-wide and suggestive GWA hits with this model and a model containing no covariates (univariate analysis). No relevant differences were found.
We performed 2 genome-wide association analyses for PCSK9 levels in LIFE-Heart: the first GWAS included all patients (N=3290 patients with complete covariates), and the second was restricted to those without statin therapy (N=2022 patients with complete covariates, denoted as statin-free subset). Both analyses were executed with SNPTEST 17 (version 2.5.2) using the additive frequentist model and expected genotype counts. We adjusted for sex, age, and current smoking in both analyses, and additionally, for lipid therapy in the first analysis. The threshold for genome-wide significance was set to P<5×10 −8 . Associations with P<1×10 −6 were considered as suggestive and presented as list of top SNPs.
X-chromosomal SNPs were analyzed assuming total X inactivation, that is, the gene doses of females are halved according to König et al. 18 To consider possible alternatives, we tested X-chromosomal top hits with a model without X inactivation and analyzed sex-SNP interactions. No such interactions were found at genome-wide significance.
Linkage disequilibrium between markers was calculated using data from 1000 Genomes Phase 3, Version 5 (2015) 14 for European samples. Priority pruning of the top list was performed as follows: first, variants of the list of top SNPs which are in linkage disequilibrium with an association of higher significance were considered as tagged by the other variant if r 2 ≥0. 5 . Then, to analyze the PCSK9 locus in detail, we used a stricter threshold of r 2 ≥0.1. A comprehensive annotation was applied to all SNPs of our top list using the following bioinformatics resources: Ensemble, 19 GWAS catalogue, 20 expression quantitative trait loci data, 21, 22 and pathways from KEGG, GO, DOSE, 23 and Reactome. 24 Deleteriousness scores for nonsynonymous coding SNPs were calculated according to Kircher et al 25 and Bendl et al. 26 Further details are summarized in the Data Supplement.
Relation of PCSK9 and ASVD
Vascular phenotypes (CAD, NVD50, PS, cIMT, PAD, and ABI) were tested for association with PCSK9 levels and SNPs discovered in our GWAS. CAD and PAD status were analyzed by logistic regression, the ordered categories of NVD50 and PS by proportional odds logistic regression, and cIMT and ABI by linear regression.
MR Analysis
We performed an MR study using 4 independent PCSK9 variants with pairwise r 2 <0.1 as instrumental variables (IVs), plasma PCSK9 levels as exposure, and the vascular phenotypes as outcomes. Variants were assumed to satisfy MR assumptions for IVs as explained in the Data Supplement (the relevant directed acyclic graph is given in Figure I in the Data Supplement).
LIFE-Heart was used to calculate the regression coefficients of IV on plasma PCSK9 and of IV on CAD and NVD50. LIFE-Heart and LIFE-Adult were used to calculate regression coefficients of IV on PS, cIMT mean, PAD, and ABI. We performed a fixed-effect model meta-analysis to generate combined estimates of IV on outcome. We then calculated the combined inverse-variance weighted causal estimate β IVW for each outcome. 27 To test whether our positive causal results are confounded by pleiotropy, we applied the modified Q test. 28 Test was negative for all outcomes. If not stated otherwise, statistical analyses were performed with the software R. 29 For all analyses other than genomewide SNP association, we applied a (nonadjusted) significance threshold of 5%, that is, our results are exploratory rather than confirmative.
RESULTS
Relationships of Cardiovascular Risk Factors and Plasma Lipids to Circulating PCSK9 Levels
The characteristics of the LIFE-Heart study population are summarized in Table 1 . Plasma PCSK9 levels were associated with sex, age, BMI, diabetes mellitus, smoking status, hypertension, and statins in univariate analysis (Table I A in the Data Supplement). In a multivariate analysis, only sex, age, smoking status, and statins remained significant. Similar effect sizes of sex, age, and smoking were observed in the statin-free subset (Table I B in the Data Supplement). Male sex and age were associated with lower PCSK9 levels, that is, these factors have an opposite effect on PCSK9 than on CAD risk, whereas smoking and statins increased PCSK9. We observed a significant and qualitative interaction between sex and age (Figure II in the Data Supplement; Table IC and ID in the Data Supplement).
PCSK9 levels were positively correlated with total cholesterol (Spearman ρ=0.16; P=2.06×10 −19 ), LDL-C (ρ=0.10; P=8.66×10 −9 ), ApoB (ρ=0.14; P=1.19×10 −16 ), and ApoA1 (ρ=0.11; P=3.65×10 −10 ) but not with HDL-C after controlling for sex, age, smoking, and statins (Table II in 
Genome-Wide Association Analysis of PCSK9 Plasma Levels
To identify genetic variants associated with plasma PCSK9 levels, we performed GWA of all 3290 LIFEHeart samples and then evaluated the consistency of the results in the statin-free subset (n=2022). In the primary GWAS, we identified a total of 31 variants (5 variants after pruning) with genome-wide significance. No inflation of test statistics was observed (λ=1.006). Manhattan plots and QQ plot are displayed in Figure 1 (statin-free subset analysis is given in Figure IV in the Data Supplement). Summary statistics and SNP annotations are displayed in Table III A in the Data Supplement (statin-free subset is given in Table III B in the Data  Supplement) .
Genetic Variants at the PCSK9 Locus
The strongest associations with PCSK9 plasma level were observed on chromosome 1p32.3 at the PCSK9 locus. Here, 4 independent SNPs (r 2 <0.1) located within the gene or a distance of <60 kb were associated at genome-wide significance (Table 2; Tables III A and IV ) is coding for the PCSK9-R46L missense mutation and was previously reported to associate with LDL-C 5,30 and response to statin therapy. 31 Further, the PCSK9-R46L allele was associated with lower plasma PCSK9 levels and CAD risk in candidate gene studies.
11
Associations with LDL-C and coronary heart disease were also reported for other identified SNPs at the PCSK9 locus. 6, 32, 33 These variants are in strong linkage disequilibrium (r 2 >0.5) with several cis-eQTL-SNPs for PCSK9 (P=3.27×10 Association results were robust when restricting analysis to the statin-free subset. However, because of power loss and different priority pruning, only 3 SNPs reached genome-wide and 2 suggestive significance (regional association plot is given in Figure VI A in the Data Supplement). Of note, absolute values of β estimates increased for the majority of variants (Table 2;  Table III B in the Data Supplement; Figure VII in the Data Supplement). Association results were also robust against additional adjustments about the observed age-sex interaction and testing the variants in a univariate model (Table VI in the Data Supplement) .
Because multiple SNPs in low linkage disequilibrium at the PCSK9 locus were associated with plasma PCSK9 levels (Figure 2 ), we analyzed this allelic heterogeneity in more detail. Of the 4 independent SNPs initially identified at this locus, 3 SNPs (rs11591147, rs45448095, and 1:55520994) remained significant when tested in a multivariate model. Together they explain 4.4% variance of plasma PCSK9. In a combined analysis of these SNPs and all covariates, the SNPs remained significantly associated, and the explained variance increased to 19.4%.
FBXL18 Locus
Besides the PCSK9 locus, we identified a second locus with genome-wide significance on chromosome 7 (Table 2 ; Figures V B and VI C in the Data Supplement). The lead SNP is rs6957201 (β=−0.163; P=7.01×10 −9 ). However, the SNP has low minor allele frequency (3%) and inferior imputation quality (info score of 0.549) reducing its credibility. Association results were also consistent in the statin-free subset (β=−0.167; P=1.70×10 −6 ) and robust against additional adjustment for the observed age/sex interaction (Table VI in the Data Supplement).
Suggestive Loci
Applying a suggestive significance threshold of P<1×10 −6 , we identified 3 loci when analyzing all patients (Table VI in 
Replication of Previously Reported SNPs
Chernogubova et al 10 reported 6 SNPs at the PCSK9 locus with nominal significance. Of those 6, 4 were significant in our data, 2 even on genome-wide level.
Outside the PCSK9 locus, we could not replicate the 19 reported hits (Table VII in the Data Supplement).
Theusch et al 34 reported 7 SNPs associated with the difference in PCSK9 levels before and after statin treatment. None of these SNPs showed significant association with PCSK9 plasma levels in our data (Table VII in  the Data Supplement) .
In addition, we looked up known nonsynonymous coding mutations in the PCSK9 gene and tested them for association with circulating PCSK9 levels. Out of 50 reported mutations, 35 ,36 only 5 were in our genotype data. All but one were significantly associated with PCSK9 plasma levels (Table VIII in the Data Supplement).
Further details on replication analyses are documented in the Data Supplement.
Associations With ASVD and MR
We next analyzed the relationship between circulating PCSK9 and the 4 genome-wide significant PCSK9 SNPs with CAD and other atherosclerotic phenotypes available in LIFE-Heart (Table 3; Tables IX through XII in the  Data Supplement) .
Association of PCSK9 Variants With Vascular Phenotypes
We identified one PCSK9 SNPs (1:55520994) that was associated with the number of affected coronary arteries (NVD50) at nominal significance (P<0.05). It was also significantly associated with the presence of CAD in the statin-free subset. One of the other PCSK9 SNPs was associated with cIMT (rs2479409 for all patients). It was also associated with PAD in the statin-free subset (Table IX in the Data Supplement).
We also analyzed the SNP associations with plasma lipid traits. The SNP 1:55520994 was associated with total cholesterol, LDL-C, and ApoB in both, all subjects, and the statin-free subset. Including patient with statins All parameters are restricted to genotyped patients with PCSK9 measurement. For the continuous parameters, the arithmetic mean and SD is given. We tested men against women and statin treatment against no treatment. All binary parameters were tested with a χ 2 test; continuous parameters were tested with a Mann-Whitney U test. NVD50 and PS were tested with proportional odds regression. ABI indicates ankle-brachial index; Apo, apolipoprotein; CAD, coronary artery disease; cIMT, carotid intima-media thickness; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; PAD, peripheral artery disease; and PS, plaque score. *More cases or higher values in men for binary or continuous parameters, respectively.
†More cases or higher values in the statin group for the binary parameters or continuous parameters, respectively. ‡Known, in therapy or acute.
attenuated the associations with plasma lipids (Table IX in the Data Supplement).
Correlation of PCSK9 Plasma Levels With ASVD
PCSK9 plasma levels were significantly associated with CAD status and severity (P=0.034 and P=0.031, for CAD and NVD50, respectively) only in the statinfree subset (adjusted for all common risk factors: sex, age, smoking, hypertension, BMI, and type 2 diabetes mellitus). Including patients with statins reduced both the association and β estimators (Table X in the Data Supplement). In addition, circulating PCSK9 levels were significantly associated with all analyzed subclinical atherosclerosis parameters (cIMT, P=0.030; PS, P=0.004; PAD, P=0.032; ABI, P=6.36×10 −6 ) in the univariate analysis of all subjects.
MR With PCSK9 Variants as IV and ASVD Phenotypes as Outcomes
Using the 4 independent (r 2 <0.1), genome-wide significant PCSK9 SNPs as IVs, we performed MR to analyze whether circulating PCSK9 plasma levels causally affect vascular phenotypes (Table 3) .
We found significant causal effects for both CAD status and severity ( β IVW (CAD)=0.960, P=0.048; β IVW (NVD50)=1.223, P=0.005) in the entire cohort. In the statin-free subset analysis, only β IVW (NVD50) reached significance. For the analysis of carotid and peripheral artery phenotypes, we used the combined information of the LIFE-Heart and LIFE-Adult studies (total N=7647-7792). We detected significant causal effects on PS ( β IVW (PS)=0.605; P=0.023) and a trend for cIMT (P=0.061). Effects were robust in the statinfree subset.
We could not detect a significant causal effect for ABI or PAD in neither the full cohort nor the statin-free subset analysis. Scatterplots of SNP effects on PCSK9 levels and vascular phenotype are shown in Figures VIII and IX in the Data Supplement.
DISCUSSION
PCSK9 plays an essential role in regulating lipid metabolism and functional inhibition of PCSK9 is a novel treatment strategy for hyperlipidemia. Here, we performed to date the largest genome-wide association study of circulating PCSK9 levels in 3290 patients of the LIFE-Heart study, a cohort focusing on CAD. We identified the PCSK9 locus as a strong and genomewide significant genetic determinant of PCSK9 plasma levels and detected considerable allelic heterogeneity. In addition, we discovered a genome-wide significant locus on chromosome 7 within FBXL18 and several other suggestive loci that warrant independent validation. Availability of coronary angiography (in LIFEHeart) and other atherosclerotic disease assessments (in LIFE-Heart and LIFE-Adult) allowed us to analyze the causal impact of circulating PCSK9 on these phenotypes for the first time. By MR, we detected causal relationships of PCSK9 for atherosclerosis at the coronary, and carotid arteries. These results provide further evidence that functional inhibition of PCSK9 may contribute to reduce ASVD risk.
Nongenetic Factors Influencing PCSK9
To analyze possible confounders of the observed associations, we first investigated factors influencing PCSK9 A, QQ plot of P values of the GWAS of all study subjects. SNPs with info score <0.8 are plotted as triangles, and those with minor allele frequency <0.05 are colored red. There is no inflation in our data (λ=1.006). B, Distribution of log-transformed P values of the GWAS of all study subjects. The bold line marks genomewide significance (P=5×10 −8 ). Two loci reached genome-wide significance, one at chromosome 1 (PCSK9) and the other one at chromosome 7 (FBXL18).
plasma concentration in detail. Statins treatment significantly increases PCSK9 levels via the SREBP-2 (sterol regulatory element-binding protein-2) pathway. 37 Because 38% of the patients in LIFE-Heart received statins, we performed all analysis in the entire cohort (adjusted for statins) and in the statin-free subset. We found that the results of our GWAS were not confounded by statin treatment, suggesting that adjustment on statin use was sufficient for genetic association analyses. However, the partial correlations of PCSK9 to plasma lipid parameters were typically larger in the statin-free subset, indicating biased relations of PCSK9 to lipids under statin treatment. These results are in line with previous reports that statin use modifies the correlation between PCSK9 and plasma LDL-C. 38 Beyond statin treatment, age, sex, and smoking status were the strongest independent factors influencing PCSK9 plasma levels in our study population. These results are in accordance with observations of other cohort studies. 10, 11, [39] [40] [41] [42] Interestingly, we observed an interaction between sex and age, independent of the other factors. In detail, PCSK9 levels increase in women until an age of 51 to 60 years and then decrease with a similar slope but remaining on higher values than in men. This suggests a menopausal effect on PCSK9 levels and is in agreement with previous findings reporting a sex-specific regulation of PCSK9. 11, 43 However, limiting factors of this finding are the small sample size of young women in our cohort and missing information on menopausal status and hormone replacement therapy. The interaction between age and sex had no effect on the genetic associations reported in our study.
Genetic Factors Influencing Circulating PCSK9
Plasma levels of PCSK9 show substantial variation over a wide range of concentrations, but little is known on the underlying genetic determinants. Candidate gene approaches identified only 1 low-frequency variant (PCSK9-R46L) that was robustly associated with lower PCSK9 plasma levels across several studies, 10, 11 whereas a GWAS approach to discover common variants associated with plasma PCSK9 levels did not detect any genome-wide significant associations. 10 Using a considerably larger discovery cohort, we now identified several variants at the PCSK9 gene locus that were associated with circulating PCSK9 at genome-wide significance, both, in the entire cohort and in the statinfree subset. The strongest association was observed for SNP rs11591147, encoding the above-mentioned missense mutation PCSK9-R46L. This association is plausible as the mutation decreases the phosphorylation of Ser47, which is assumed to protect PCSK9 from proteolysis. 35, 44 Therefore, PCSK9 secretion into plasma decreases with rs11591147-T. We also detected 3 additional independent and multivariate significant SNPs, suggesting substantial allelic heterogeneity. Moreover, the PCSK9 locus harbored several other suggestive SNPs including the rare nonsynonymous coding mutations A53V, V474I, and E670G that correlated with circulating PCSK9 levels. Together our findings suggest that variants at the PCSK9 gene locus are the predominant genetic determinants for circulating PCSK9 levels in this population. Associations of the PCSK9 variants with plasma lipids (CHOL, LDL-C, and ApoB) were much weaker and likely mediated by the effect of PCSK9 on lipid metabolism. Besides the PCSK9 locus, we identified a second genome-wide significant locus in a gene-rich area at chromosome 7p22. The lead SNP was located in FBXL18, which encodes the F-box and leucine-rich repeat protein 18, whose function remains largely unknown. However, the SNP has inferior quality metrics. Follow-up studies especially replication in an independent population and functional assessments are necessary to validate this finding. Likewise, validation is also required for the suggestive hits (P<1×10 −6 ) identified in the entire cohort (Xq27.3 near SPANXN4, 22q12 near TOM1, and 13q13 near RPS12P24) or the statin-free subset (6q13 within KCNQ5, 18q12 near SYT4, 1p31 near IFI44, and 4p15). Interestingly, suggestive associations between KCNQ5 and LDL-C were previously reported in the Framingham Heart Study Offspring Cohort, 45 and we have recently reported suggestive associations between KCNQ5 and carotid atherosclerotic plaque burden. 
PCSK9 Gene Variant and PCSK9 Plasma Levels in Relation to Vascular Phenotypes
Recent MR studies have used PCSK9 SNPs as instruments to successfully show the causality of LDL-C on CAD or type 2 diabetes mellitus risk. [47] [48] [49] [50] However, variants at the PCSK9 locus are much stronger associated with circulating PCSK9 protein levels. Hence, SNPs at the PCSK9 gene locus are well suited to perform MR analysis of the causal relationship of PCSK9 protein levels and ASVD phenotypes. This is of particular clinical interest because clinical applications for functional inhibitors of PCSK9 are currently explored.
We confirmed the previously reported positive correlation of PCSK9 and PAD. 51 In line with this, a negative correlation of PCSK9 and ABI was observed. However, in MR analysis, we found no causal effect.
Despite the lack of a raw correlation of PCSK9 with CAD and NVD50 for both the complete data set and the statin-free subjects, we detected causal effects of PCSK9 on coronary and carotid phenotypes. We suppose that the strong confounding factors age and male sex blur the raw correlations. On one hand, these factors increase the risk for CAD and NVD50; on the other hand, they reduce PCSK9.
Our study suggests that a genetic reduction of PCSK9 levels by 50% is associated with a reduction of CAD risk by 50%. Interestingly, the effect on carotid artery atherosclerosis was just half as strong as on CAD. On treatment strategies to inhibit PCSK9, the results of the MR study may not be overstated because the detected effect is a lifelong effect. Later onset of treatment with PCSK9 inhibitors might result in a more moderate effect.
Study Limitations
The present study has the following limitations. The GWAS was performed in a population at risk or with present CAD, that is, not within a population-based study. On the other hand, the availability of coronary angiography and vascular phenotyping allowed to analyze CAD severity in relation to PCSK9 and its genetic variants. The present study also included a high percentage of patients on statin treatment, which is known to increase PCSK9 levels. Therefore, all analyses were also performed in the statin-free subset and were robust.
We have to acknowledge that MR as a method to show causality relies on assumptions that inherently cannot be proven. In the present case, we demonstrated plausibility of the assumptions by our considerations shown in Mendelian Randomization Analysis in the Data Supplement.
Last, the ELISA assay used to determine plasma PCSK9 levels does not differentiate between active and inactive PCSK9. It is known that PCSK9 circulates as mature and furin-cleaved protein and that a fraction of PCSK9 is also lipoprotein bound. 11 Possible differences in associations of these subfractions with genetics and phenotypes could not be assessed.
Conclusions
In conclusion, by genome-wide association for circulating PCSK9 levels, we identified 4 independent genetic variants at the PCSK9 locus at genome-wide significance, explaining 4.4% of the total variance of PSCK9. In addition, we describe 1 genome-wide significant locus on chromosome 7p22 and 7 suggestive loci associated with plasma PCSK9, which require independent replication and identification of the causal genes.
We performed the first MR study to address causal effects of PCSK9 on ASVD phenotypes. We detected significant causal effects for atherosclerosis at the coronary and carotid arteries. This increases confidence in PCSK9 as a valid target to reduce risk or severity of ASVD.
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